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High electron mobility transistors~HEMTs!with InAs channels and antimonide barriers were grown
by molecular beam epitaxy. Both Si and Te were successfully employed asn-type dopants. Sheet
resistances of 90–150V/h were routinely achieved on a variety of heterostructures with
nonuniformities as low as 1.5% across a 75 mm wafer. X-ray diffraction measurements show that
the InAs channels are in tension, coherently strained to the Al~Ga!Sb buffer layers. Atomic force
microscopy measurements demonstrate that the surfaces are relatively smooth, with rms roughness
of 8–26 Å over a 535mm2 area. These results demonstrate that the growth of InAs HEMTs has
progressed to the point that the fabrication of circuits should be feasible. ©2004 American
Vacuum Society.@DOI: 10.1116/1.1667507#

I. INTRODUCTION

The first high electron mobility transistors~HEMTs! were
fabricated with GaAs channels and AlGaAs barriers. In order
to achieve higher electron velocity~translating to higher fre-
quency operation!, In was added to the channel. Typical
structures have In0.2Ga0.8As channels that arepseudomorphi-
cally strained to the GaAs lattice constant~PHEMTs!. In
order to improve performance further, additional In was
added to the channel and the barrier material was changed to
InAlAs; the larger lattice constants were accommodated by
using InP substrates. The logical progression of this trend is
to use pure InAs as the channel. Arsenides are not suitable
barriers but antimonides such as AlSb and AlGaSb are. Ad-
vantages of this material system include the high electron
mobility ~30 000 cm2/V s at 300 K! and velocity (4
3107 cm/s) of InAs,1 and a large conduction band offset
between InAs and AlSb~1.35 eV!. A few groups began to
explore InAs HEMTs over a decade ago.2–6 To date, most
research has focused on demonstrating discrete devices. The
results have been promising. For example, we have achieved
HEMT characteristics with a unity-current-gain cut-off fre-
quency, f T , of 250 GHz for a 0.1mm gate length.7 The
low-power potential for this technology is demonstrated by
f T values of 90 GHz at a bias of only 100 mV.8 Substantially
higher voltages~and hence higher operating powers! are re-
quired for InP- or GaAs-based devices. Recently, values of
the maximum frequency of oscillation (f max) exceeding 100
GHz have been reported for InAs HEMTs.9–11 In this work,
we focus on making the growth and fabrication process more
robust with the goal of enabling production of circuits based
upon InAs HEMTs. The work described here led to the re-
cent demonstration of microwave monolithic integrated cir-
cuit ~MMIC! low-noise amplifiers based upon InAs
HEMTs.11

II. EXPERIMENT

Samples were grown by solid-source molecular beam ep-
itaxy ~MBE! on Riber 32P and 21T systems. The 32P is a
horizontal system and can accommodate a single substrate
50 mm in diameter; the 21T is a vertical system and can
accommodate a single substrate 75 mm in diameter. Growth
temperatures were measured by transmission thermometry.12

The heterostructure cross section and band diagram for one
of our baseline growths on the 21T is shown in Fig. 1. We
will describe the growth process for this sample~A! in detail.
Later, we will discuss variations in the heterostructure and
growth parameters.

The oxide is removed from the semi-insulating GaAs
~100!substrate by heating the sample to 630 °C under an As2

flux. A 2000 Å buffer layer of GaAs is then grown at 600 °C.
After growth of GaAs, the substrate temperature is lowered
to 540 °C for growth of a 1.7mm buffer layer of AlSb to
accommodate the 8% lattice mismatch. Then, an additional
3000 Å of Al0.70Ga0.30Sb is grown at 540 °C. After the
AlGaSb, the substrate temperature is lowered to 510 °C for
the growth of a 500 Å AlSb barrier. This is followed by a 150
Å InAs channel. During the channel growth, the substrate
thermocouple temperature is ramped down by 40 °C to com-
pensate for the sample heating caused by additional absorp-
tion of heater radiation by the narrow-band-gap InAs.12 As a
result, the sample temperature measured by transmission
thermometry remains at 510610 °C. The channel is followed
by a 75 Å AlSb barrier/spacer, a 60 Å AlSb~Te! donor layer,
50 Å AlSb and 40 Å InAlAs barriers, and a 20 Å InAs cap,
all grown at 510 °C. The Te doping was supplied by a GaTe
source at 550 °C.13 The growth rate was 1.0 monolayers
~ML!/s for the GaAs, AlSb, and AlGaSb buffer layers as well
as the InAlAs barrier. The AlSb barriers were grown at 0.6
ML/s. The InAs channel and cap were grown at 0.4 ML/s.
Arsenic was supplied by a Riber valved cracker, with the tip
temperature at 950 °C to produce As2 . Antimony was sup-
plied by an Applied Epi valved cracker, with the tip tempera-
ture at 900 °C to produce Sb2 ~and possibly Sb1). The Asa!Electronic mail: brian.bennett@nrl.navy.mil
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valve is closed during all antimonide layers to minimize As
incorporation. Migration-enhanced epitaxy is used at inter-
faces between InAs and AlSb to achieve InSb-like bonds.14,15

Growth rates were calibrated by reflection high-energy elec-
tron diffraction ~RHEED! oscillations. Cation growth rates
were determined by conventional RHEED oscillations with
an anion:cation flux ratio greater than unity. Anion rates were
determined by measuring a series of oscillations while in-
creasing the cation cell temperature until the cation and an-

ion fluxes were approximately equal as indicated by sup-
pressed oscillations, metal-rich reconstructions, and/or
transmission spots. GaAs oscillations were recorded during
the GaAs buffer layer. AlSb oscillations were recorded dur-
ing the AlSb buffer layer and used to estimate the Al cell
temperature for 0.70 ML/s AlSb in the AlGaSb alloy. Oscil-
lations of AlGaSb were also measured and confirmed growth
rates near 1.0 ML/s. The In cell was calibrated separately by
recording RHEED oscillations during InAs growth on an
InAs substrate. RHEED reconstruction patterns are~234!
during GaAs,~133! during AlSb and AlGaSb, and~131!
with some evidence of~234! during the InAs channel. A
~432! In-rich pattern is observed during the monolayer of In
that follows the InAs channel. The RHEED pattern degrades
during growth of the lattice-mismatched InAlAs barrier.

A second heterostructure that includes Si doping is also
shown in Fig. 1~sample B!. The growth procedure described
above was modified: growth was interrupted after the 50 Å
AlSb barrier and the sample temperature was dropped to
400 °C for the growth of the 12 Å InAs~Si! and 12 Å AlSb
layers. This lower growth temperature is required to mini-
mize segregation of Si into the AlSb.16 The growth was again
interrupted and the temperature was increased to 450 °C for
the InAlAs and InAs cap layers.

High-resolution x-ray diffraction measurements were per-
formed on a Bede D1 system using Cu-Ka1 radiation with a
four-bounce Si~220! monochromator. A Lehighton system
was used for contactless eddy-current resistivity mapping on
whole wafers. Standard Hall/van der Pauw measurements
were performed at 0.37 T on 535 mm2 squares, usually
taken from the center of the wafer.

III. RESULTS AND DISCUSSION

A high-resolution x-ray diffraction measurement of the
~004! reflection for sample A is shown in Fig. 2~a!. A simu-
lated structure based upon dynamical diffraction theory is
also shown. The largest peaks are the GaAs substrate and
AlSb buffer layer that is 99% relaxed and has a full width at
half maximum ~FWHM! of 230 arcsec. The AlxGa12xSb
peak is also visible and has a FWHM of 270 arcsec. Smaller
peaks are visible in the simulation but not the experimental
data, probably because of the high dislocation density in the
AlSb buffer layer. Additional~115! asymmetric scans al-
lowed us to determine the composition of this layer to bex
50.7060.02 with a lattice relaxation of 45615%. The 150
Å InAs channel is clearly visible and has a FWHM of;1200
arcsec, compared to 1120 arcsec for the simulated structure.
The small FWHM-experimental: FWHM-theoretical
ratio17–19 and the position of the peak confirm that the InAs
is coherently strained to the AlGaSb. The peak at2700 arc-
sec is probably due to In or Sb contamination in the GaAs
buffer layer. Most of our samples do not exhibit this peak.
Atomic force microscopy~AFM! of sample A yields a rms
roughness of 18 Å for a 535mm2 area. This sample has a
sheet carrier concentration of 2.831012/cm2 and a mobility
of 19 000 cm2/V s at 300 K. We note that a high mobility is

FIG. 1. Cross section for samples A~Te-doped!and B ~Si-doped with a
subchannel andp1-GaSb layer!and calculated band structure for A. Band
structure was calculated using nextnano3 device simulation package~see
web site http://www.nextnano.de!.
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achieved despite the fact that the channel was grown on a
partially relaxed layer. Sample parameters are summarized in
Table I.

Work on high-mobility InAs quantum wells is generally
targeted to one of two goals. The first is producing structures
for low-temperature physics research. In this case, the pri-
mary goal is usually high mobilities at low temperatures.20

The second is high-frequency, low-power HEMTs operating
at room temperature. In this application, the room-
temperature mobility and carrier density need to be high~i.e.,
low sheet resistance!. In some cases, growth requirements
are similar. For example, if the lower InAs/AlSb interface
has AlAs-like bonds, the mobility will be very low at all
temperatures,14 making the structures unsuitable for both ap-
plications. In other cases, however, the growth requirements
are different. For example, the highest low-temperature mo-
bilities ~.800 000 cm2/V s at 4 K! were achieved with thick
buffer layers of GaSb.21 The GaSb does not substantially
improve the room-temperature mobility, and the presence of
thick conductive GaSb layers is not desirable for HEMT ap-
plications. We will now discuss variations to the heterostruc-
ture and growth parameters discussed earlier, beginning with
the substrate and working up to the cap layer. We will focus
on suitability for HEMT applications.

There are currently no appropriate insulating substrates
near 6.1 Å. As a result, most work in our laboratories and
others has been on semi-insulating GaAs substrates~8% lat-
tice mismatch!. InP is also available in a semi-insulating
form and should be suitable. The lattice mismatch is 4%,
which still necessitates the use of thick, relaxed buffer layers.
~These structures on GaAs or InP could be referred to as
metamorphic HEMTs.!We grew a HEMT structure on InP
~sample C!. The only differences from sample A are the ab-
sence of a GaAs buffer layer and an InAs cap layer. The
transport results were very similar:ns52.931012/cm2 and
m518 700 cm2/V s. The AFM rms roughness was 24 Å, and
the AlSb x-ray FWHM was 310 arcsec. The possibility of
transferred substrates for InAs HEMTS is also being ex-
plored in our laboratory and others.

FIG. 2. High-resolution x-ray diffraction scans~dashed lines! of sample A
~m519 000 cm2/V s at 300 K! and sample K~m57400 cm2/V s at 300 K!.
Simulations are also shown for both structures as solid lines. The intensity
units are arbitrary for the simulated curves. The nominal values of layer
thickness are used in the simulations. For sample A, the layer relaxation
values in the simulation are 98.7%, 45%, and 0% for the AlSb,
Al0.70Ga0.30Sb, and InAs, respectively. For sample K, the layer relaxation
values in the simulation are 98.9%, 45%, and 85% for the same layers.

TABLE I. Layer thicknesses and transport results for samples A–K. A blank entry for a layer thickness indicates that the layer was not present. From left to
right: sample name; substrate diameter; thicknesses of AlSb and AlGaSb buffer layer,p1GaSb, subchannel, channel, and spacer between channel and doped
layer; n-type dopant; sheet carrier density and mobility at 300 K; sheet resistance calculated from transport measurements; sheet resistance measured by
Lehighton; and wafer nonuniformity measured by Lehighton.

Sample
Diam
~mm!

AlSb
buffer
~mm!

AlGaSb
buffer
~mm!

p1GaSb
~Å!

Subchan
~Å!

Chan
~Å!

Spac
~Å!

n-type
dopant

ns

~cm22!
m300 K

~cm2/V s!

Rs-
Hall

~V/h!

Rs-
Leh.

~V/h!
Nonunif.

~%!

A 75 1.7 0.3 150 75 Te 2.8e12 19 000 117 115 6.0
B 50 2.4 100 42 100 50 Si 3.3e12 20 000 92
C 75 1.7 0.3 150 75 Te 2.9e12 18 700 114 125 10.1
D 50 2.0 100 42 100 75 Te 3.1e12 17 700 114
E 50 2.0 100 42 100 40 Te 2.2e12 22 100 126
F 50 2.2 100 42 100 125 Si 2.2e12 26 000 109
G 75 1.7 0.3 150 75 Te 2.4e12 22 800 114 117 5.8
H 75 1.7 0.3 150 40 Te 3.3e12 17 800 107 112 4.1
I 75 1.7 0.3 150 75 Te 108 1.4
J 50 2.0 0.3 100 42 100 50 Si 4.1e12 15 300 101 97 3.1
K 50 2.0 0.3 100 50 Si 3.0e12 7 400 279 326 11.4
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As discussed earlier, we routinely initiate growth with
GaAs. Although growing a GaAs buffer layer should provide
a smoother starting surface for AlSb growth, three-
dimensional growth during the initial AlSb deposition cannot
be avoided due to the large lattice mismatch. On a number of
occasions, we have omitted the GaAs layer and observed no
effect on the room-temperature transport, x-ray, or AFM
measurements. In most of our samples, the total thickness of
the antimonide buffer layer~s!is 2.0–2.5mm. We observed
no impact on room-temperature mobility when using thick-
nesses of 1.5mm. Thinner buffer layers may also be possible.
For example, Kuzeet al. achieved high-mobility undoped
InAs quantum wells using 0.6mm buffer layers of
AlGaAsSb.22 We have obtained high-mobility quantum wells
for AlSb growth temperatures ranging from 500 to 600 °C;
we did not explore temperatures outside this range. We rou-
tinely grow the buffer layers near 1.0 ML/s~1.1 mm/h!. We
have used growth rates as high as 2.0 ML/s with good
results.23 Another group also reported high growth rates for
AlSb buffer layers.24

Pure AlSb oxidizes very rapidly, making it unsuitable for
layers that will be exposed during device fabrication. Adding
Ga or In to the layer results in a drastic reduction of oxida-
tion rates,25 similar to the case of AlGaAs. For this reason,
we have explored the use of AlGaSb6 and InAlSb buffer and
barrier layers. The 3000 Å layer of Al0.70Ga0.30Sb in our
baseline structure~A! allows for a mesa isolation etch that
stops in the AlGaSb and hence does not expose AlSb outside
the active region.~Previously, a nonplanar air bridge technol-
ogy was employed to avoid oxidation of the AlSb.27 We have
also grown structures in which the entire 2.0mm buffer layer
is Al0.70Ga0.30Sb ~grown at 510 °C!.!For example, sample D
hasns53.131012/cm2 and m517 700 cm2/V s. For sample
E, ns52.231012/cm2 andm522 100 cm2/V s. Our initial at-
tempts to use thick buffer layers of InAlSb, however, have
not been successful. We varied the growth temperature of the
buffer layer from 400 to 500 °C but InAs quantum well mo-
bilities were always low~,10 000 cm2/V s at 300 K!.

Many of our heterostructures include a 100–200 Å layer
of GaSb immediately above the buffer layer~s!. It is doped
with Si to yield p;631017/cm3. The function of this layer
is to drain impact-ionization-generated holes back to the
source contact.26,27Beryllium might be a more logical dopant
for this layer but we did not have a Be source when we first
included this layer. Recently, we have doped this layer with
Be and no problems were observed.

The channel thickness of our samples was either 150 or
100 Å ~see Fig. 1!. The samples with 100 Å channels also
have a 42 Å InAs subchannel in most cases. The function of
the subchannel is to allow the transfer of energetic electrons
that could otherwise result in impact ionization in the
channel.7 Bolognesiet al. measured mobilities as a function
of InAs thickness for InAs/AlSb quantum wells.28 They
found the highest mobilities~;30 000 cm2/V s at 300 K for
undoped structures!for channel thicknesses of 125–200 Å.
Even at 250 Å, however, the room-temperature mobility was
still above 20 000 cm2/V s, despite the 1.3% lattice mis-

match. At 100 Å, the mobility dropped to 19 000 cm2/V s.
For HEMTs, it is desirable to scale down the vertical dimen-
sions as well as the horizontal~lithographically defined! di-
mensions. In one case, we achieved a mobility of 26 000
cm2/V s for a 100 Å channel~sample F!. Mobilities of
20 000–22 000 cm2/V s are more typical for our structures
with 100 Å channels, but the decrease in mobility may result
from higher doping levels~see the following!in addition to
increased interface scattering associated with thin channels.

Our work suggests that the growth temperature window
for high-mobility HEMT structures is relatively large. We
normally aim for 490–510 °C but have observed no reduc-
tion in room-temperature mobility for temperatures 10–
20 °C outside that range. Triplettet al. completed a more
systematic study and found high mobilities for undoped
quantum wells grown between 445 and 500 °C.24

As mentioned earlier, the lower interface between InAs
and AlSb must be InSb-like to achieve high mobilities. We
have also achieved good mobilities~.20 000 cm2/V s! and
resistivities ~,150 V/h! using InSb-like bonds for InAs/
AlGaSb and InAs/InAlSb quantum wells. Our nominal V:III
flux ratios are 2.0:1 for both arsenide and antimonide layers.
Although we have not conducted a systematic study, our ex-
perience is that this parameter is not critical, with an accept-
able range of at least 1.5 to 3.0:1. In the past, we have used
a conventional cell for Sb producing Sb4 as well as unvalved
and valved Sb crackers. High-performance HEMTs were fab-
ricated from structures grown using each of the three Sb
sources. The use of a valved source may be more important
for As because of substantial As leakage around the shutter
in some MBE systems such as the Riber 21T used in this
study.

Sheet carrier concentrations for unintentionally doped
InAs/AlSb single quantum wells, a function of the upper
barrier thickness and cap material, are usually in the range
0.4– 1.631012/cm2.29 Higher sheet charge densities are typi-
cally desirable for HEMT applications. Silicon is the most
commonn-type dopant in III–V MBE systems. Silicon is,

FIG. 3. Sheet density and mobility vs AlSb spacer thickness for samples B
and F~Si-doped!and samples G and H~Te-doped!. Within each pair, only
the spacer thickness varies.
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however, amphoteric in the III–V’s, producingn-type GaAs,
InAs, AlAs, and InSb, butp-type GaSb and AlSb on~100!
surfaces.30 Sasaet al. achieved sheet carrier concentrations
in the 2 – 431012/cm2 range by Si planar doping in an 18 Å
InAs quantum well located 80 Å below a 150 Å InAs quan-
tum well clad by AlGaSb.31 This technique has been success-
fully applied to InAs HEMTs by at least three groups.16,32,33

We have achieved the desired mobilities and carrier den-
sities using both Si and Te doping. An advantage of Te dop-
ing is that no changes in growth temperature are required. In
Fig. 3, we plot the mobility and density for two pairs of
samples, one Si-doped~B and F!and one Te-doped~G and
H!. Within each pair, only the spacer layer thickness varies.
As expected, the carrier density increases as the spacer thick-
ness decreases. The mobility decreases with decreasing
thickness. This could be due to an increase in remote carrier
scattering. On a Te-doped sample with a 40 Å spacer and
2.231012/cm2 density, we obtained a mobility of 22 000
~sample E—not shown in Fig. 3!. Hence, remote carrier scat-
tering is probably not the primary reason for the decrease in
mobility from 23 000 to 18 000 for the Te-doped samples in
Fig. 3. Based upon Shubnikov–de Haas measurements, elec-
trons begin to populate a second subband in InAs quantum
wells at densities of 2.0– 2.431012/cm2.16,31 Hence, for
higher densities we expect intersubband scattering and a re-
duction in mobility, as observed for both sets of samples in
Fig. 3.

The final layers in the HEMT structures are the InAlAs
barrier and InAs cap. The growth temperature for these lay-
ers is near 450 °C for the Si-doped structures and 510 °C for
the Te-doped structures. Despite the large lattice mismatch
and three-dimensional growth, the InAlAs layer does not ap-
pear to degrade the electron mobility, presumably because it
is at least 75 Å above the channel. We have replaced the
InAs cap with 20 Å GaAs and also eliminated it entirely with
no significant impact on electron mobility and density.

All the epitaxial layers of sample B except the GaAs
buffer are visible in theZ-contrast scanning transmission
electron microscope~STEM! image of Fig. 4. The image was
taken at a magnification of 350 000 after TiW/Au gate met-
allization. The layers appear to be uniform. Analysis of the
image shows that the measured thicknesses are near the
nominal values.

A sheet-resistance map for sample A is shown in Fig. 5.
The resistance varies from 107 to 133V/h across the wafer,
with an average of 115V/h and a standard deviation of 7.0
V/h. The value in the center of the wafer, 115V/h, is in
good agreement with a value of 117V/h calculated from the
Hall measurements. This value of uniformity is typical for
our growths on 75 mm substrates in the 21T MBE. We have
evidence from x-ray and optical measurements on superlat-
tices that the layer thicknesses vary by only about 1% across
the 75 mm wafers. Hence, we might expect our HEMT uni-
formities to be better than sample A. The best uniformity we
have obtained was sample I, also shown in Fig. 5, with 107.9
61.6 V/h. The structure was nominally the same as sample
A. A typical sheet-resistance map from the 32P MBE~50

FIG. 4. STEM image~350 0003!of sample B after gate metallization.

FIG. 5. Sheet-resistance map of samples A~typical 75 mm uniformity; Te-
doped!, I ~best 75 mm uniformity; Te-doped!, and J~typical 50 mm unifor-
mity; Si-doped!. Contours are in units ofV/h. The major flats are indicated.
All samples were rotated during growth.
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mm! is shown on the bottom of Fig. 5~sample J!, with 98.6
63.1 V/h. The sample was Si-doped but Te-doped samples
have comparable uniformities. These uniformities are good
considering that the layer thicknesses are known to vary by
more than 10% across a 50 mm wafer in this MBE.

In Fig. 6, we plot the mobility versus carrier density for
undoped, Si-doped, and Te-doped HEMT structures grown
on both MBE systems. High mobility and low sheet resis-
tance are desired for most HEMT applications. Although
high mobilities are achieved for undoped structures, the den-
sities are too low to achieve sheet resistances less than 200
V/h. Sheet resistances less than 100V/h have been reached
for both Si and Te doping. Most doped samples are between
90 and 150V/h. We find that densities near 3.031012/cm2

are optimal for achieving both high mobility and low sheet
resistance.

For most samples, the x-ray diffraction data are similar to
that for sample A@Fig. 2~a!#. The AlSb FHWM values are
usually between 220 and 340 arcsec.34 The positions of the
InAs peaks are near27300 arcsec, consistent with InAs co-
herently strained to Al~Ga!Sb. One exception is sample K
whose x-ray data is plotted in Fig. 2~b!. Note that the InAs
peak is weak and shifted toward the AlSb. In addition, the
AlGaSb peak is not well defined. In order to get reasonable
agreement with the experimental data, an InAs relaxation of
85% was used for the simulation shown. This sample had a
density of 3.031012/cm2 and a mobility of only 7400
cm2/V s ~see Fig. 6 and Table I!. Despite the poor mobility
and relaxed InAs, the surface morphology for this sample
was good, with a rms roughness of only 11 Å. For all of our
‘‘good’’ HEMT structures ~m.18 000 cm2/V s!, surface
roughness ranges from 8 to 26 Å with no apparent correla-
tion between roughness and mobility. As mentioned earlier,
thick buffer layers of InAlSb were investigated. For these
low-mobility samples, the surfaces were relatively rough,
with rms values greater than 35 Å; the InAs peaks were not
well defined in x-ray diffraction measurements. Based upon

our experience, HEMT structures with good surface mor-
phology ~low rms roughness!and coherently strained InAs
also have high mobility. One could envision exceptions to
this such as a sample with impurities in the InAs channel. In
this case, the mobility would be low but the InAs could be
coherent and the surface smooth.

IV. SUMMARY

The likelihood of a successful transition of InAs HEMTs
from research involving discrete devices to production of
circuits for commercial or military applications will depend,
in part, on the ability of the epitaxial growth to meet several
objectives. In this work, we have demonstrated that many of
these objectives have been achieved. Specifically, hetero-
structures with high mobility~;20 000 cm2/V s!, high sheet
density (;331012/cm2), and low resistivity~;100 V/h!
have been routinely grown with good uniformity across a 75
mm GaAs substrate. Both Si and Te doping have been suc-
cessfully used. An advantage of Te is that changes in sub-
strate temperature are not required during growth of the ac-
tive regions. The InAs channels are coherently strained to the
Al~Ga!Sb buffer layers, and the surfaces of the as-grown
structures are relatively smooth. The insertion of a layer of
AlGaSb below the channel minimizes the exposure of pure
AlSb during processing and the need for an air-bridge tech-
nology. As a result, a planar process can now be employed.
Remaining challenges include the reduction of gate leakage
currents and microwave noise. Work in these areas is under
way in our laboratories. The unique material properties, im-
provements in the material growth described here, and the
recent demonstration of MMIC circuits11,35 demonstrate that
InAs HEMTs are attractive candidates for future applications
requiring high speed and low power.
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